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I INTRODUCTION 

The design and testing of a three-dimensional structure, such as 

a turret/fairing assembly for laser applications, is a complex empiri- 

cal problem. The attendant Plow field is characterized by large scale 

turbulent structures, which are difficult to map without some form 

of flow visualization. 

Toward this end, wind tunnel testing has been done in the Airborne 

Laser Laboratory ( A . L . L . )  program, using flow visualization techniques. 

The techniques used have included the methods of tufting, encapsulated 

liquid crystals, oil flow, sublimation and schlieren and shadowgraph 

Dhotography. 

The results have been directly applied to the design of fairing 

I n  addition, the shapes f u r  minimun drag and reduced turret buffet. 

results are of primary importance to the study of light propagation paths 

in the near flow field of the turret cavity. Depending on the cavity 

azimuth and elevation angles this can involve a propagation path 

through shock patterns, separated flow regions, shear layers, or a 

combination of all three. 

Therefore, the flow in the vicinity of t h e  turret is an important 
b 

factor for consideration.in the desi-gn of suitable turret/fairing or 

aero-optic assemblies. 

This presentation is in chronological order of wind tunnel tests. 

The different methods of flow visualization for each test are listed 

and discussed based on accompanying photographic figures. 
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SECTION I1 

RESULTS AND DISCUSSION 

a. 

t h e  "Transonic Ten P in  Phase I T e s t "  conducted i n  t h e  A i r  Force F l i g h t  

Dynamics Labora tory /Tr i sonic  Gasdynamics F a c i l i t y  ( h e r e a f t e r  r e f e r r e d  t o  

as AFFDL/TGF) from September t o  December, 1971.' 

The f i r s t  wind tunne l  test covered i n  t h i s  p r e s e n t a t i o n  w a s  termed 

The flow v i s u a l i z a t i o n  techniques used cons i s t ed  of t u f t i n g  and 

t h e  use  of encapsulated l i q u i d  c r y s t a l .  Tuf t  r e s u l t s  (Fig.  1) f o r  Mach 

numbers (M ) of 0.55 and 0.60 i n d i c a t e  a l a r g e  t u r b u l e n t  wake behind 

t h e  on-gimbal t u r r e t ,  extending downstream beyond t h e  r i g h t  hand edge of 

t h e  photographs.  

unperturbel.  i nd icz i t i n t  a r eg ion  of s teady a t t ached  flow. 

downstream and no t  w i th in  t h e  wake region are i n  unsteady motion i n d i -  

c a t i v e  of a tu rbu len t  boundary l a y e r .  

00 

The t u f t s  on t h e  nose of t h e  model are ly ing  f l a t  and 

Those f a r t h e r  

The u s e  of encapsulated l i q u i d  c r y s t a l s  ( temperature  s e n s i t i v e  

ma te r i a l )  t o  d e t e c t  boundary l a y e r  t r a n s i t i o n  and reg ions  of high h e a t  

t r a n s f e r  ( t u r b u l e n t  f lows) is shown i n  f i g u r e  2 .  Warmer temperatures  

are revea led  by blue-green co lor  v a r i a t i o n s  and coo le r  temperatures  by 

red shades.  

model and e x i s t e n c e  of t h e  r e s u l t a n t  tu rbulen t  boundary l a y e r  i s s h o w n  

by t h e  blue-green shades of t h e  s t r i p s .  

A g r i t  s t r i p  w a s  appl ied  t o  t h e  nose of t h i s  p a r t i c u l a r  

b. The nex t  test covered w a s  r e f e r r e d  t o  as t h e  "AMES I T e s t "  

conducted i n  t h e  NASA Ames Research Center 14 f t  wind tunne l  during 

January and February,  1972. 

A shadowgraph i s  shc-m i n  Figure  3 .  The view is  looking down on t h e  

t u r r e t  w i th  t h e  t u r r e t  cav i ty  o r i e n t e d  120 degrees  downstream from t h e  

wind axis. A m u l t i p l e  shock system is apparent on t h e  t u r r e t  a t  an azimuth 



, 

ang le  of  80 degrees .  

t h e  cav i ty  azimuth angle  (Fig.  4 ) .  

c. Now we t u r n  t o  a d i f f e r e n t  test  and a lesser p r a c t i c e d  form of flow 

v i s u a l i z a t i o n .  The t e s t  w a s  c a l l e d  "Transonic Ten P i n  Phase 11" and 

w a s  r u n  i n  t h e  AFFDL/TGF during May through August, 1972. The flow visua-  

l i z a t i o n  method used w a s  subl imat ion  of f r e o n  c r y s t a l s .  A timed sequence 

of photographs (Fig.  5) taken of an on-gimbal t u r r e t  on a f l a t  p l a t e  

shows the  areas where h ighe r  h e a t  t r a n s f e r  rates1 occur .  By d e f i n i t i o n  

these  a reas  inc lude  the  c h a r a c t e r i s t i c  v o r t i c e s  on the  t u r r e t  and those  

shed from t h e  t u r r e t / f l a t  p l a t e  i n t e r s e c t i o n .  

The formation of t h i s  shock system is  dependent on 

Included i n  the  flow v i s u a l i z a t i o n  techniques f o r  t h i s  t e s t  w e r e  o i l  

f low and s c h l i e r e n  photography. F igure  6 i s  a s c h l i e r e n  photograph of an  

on-gimbal t u r r e t  on s imulated a i rc raf t  fuse l age  a t  Ma= 0.90. 

l a r g e  model f r o n t a l  area t o  t es t  s e c t i o n  area t h e  flow is  choked as evidenced 

by t h e  s t rong  shocks on the  model nose and on t h e  a f t  s e c t i o n  of t h e  model. 

Also ev ident  i n  t h i s  s c h l i e r e n  are t h e  t u r r e t  t u rbu len t  wake and the  bui ldup  

of t h e  fuse lage  boundary l a y e r .  

Due t o  t h e  

The same conf igura t ion  a t  t h e  lower Mach number of 0.75 i s  shown i n  

F igure  7 a long wi th  an  o i l  flow a t  the  same cond i t ions .  The flow f e a t u r e s  

discussed i n  t h e  last f i g u r e  are s t i l l  t h e r e  only t h e  shocks are  veaker. 

The t u r r e t  shock and r e s u l t a n t  s e p a r a t i o n  i s  confirmed by t h e  o i l  f low which 

ab rup t ly  ends a t  mid t u r r e t .  Severa l  v o r t i c e s  on t h e  t u r r e t  appear as w e l l  

as t h e  l a rge  v o r t e x  behind t h e  t u r r e t .  This  l a r g e  v o r t e x  i s  j u s t  one of a 

p a i r  of  counter - ro ta t ing  v o r t i c e s  t h a t  e x i s t  behind the  t u r r e t .  A s  w i l l  be  

seen  la ter  t h i s  vo r t ex  p a i r  r a p i d l y  g ives  way t o  f u l l y  t u r b u l e n t  flow w i t h i n  

t h r e e  t u r r e t  d iameters  downstream of t h e  t u r r e t .  



d. 

used a t  t h e  A i r  Force Academy's Transonic Wind Tunnel dur ing  September, 

1972.4 The o b j e c t i v e  of t h i s  test  w a s  to  develop minimum drag  f a i r i n g s .  

O i l  f low v i s u a l i z a t i o n  w a s  used t o  map separa ted  flow reg ions  which 

c o n t r i b u t e  t o  t h e  o v e r a l l  drag of t h e  conf igura t ion .  

na ted  VK-6 (Fig.  8) shows some sepa ra t ion  a t  t h e  rear of t h e  f a i r i n g  as 

w i t h  a l l  a f t  f a i r i n g  designs.  The a f t  po r t ion  of t h e  t u r r e t  is a l s o  i n  

separa ted  flow as i s  aga in  t h e  case  w i t h  most t u r r e t / f a i r i n g  assemblies .  

e. Another e n t r y  i n t o  the  Ames  1 4  f t  wind tunnel  wi th  t h e  same t u r r e t  

w a s  termed the  "Ames I1 T e s t "  conducted from October t o  November, 1972. 

I n  t h i s  test  t h e  v i s u a l i z a t i o n  technique of o i l  f low w a s  appl ied .  F igure  9 

shows a t u r r e t / f a i r i n g  combination designed by General Dynamics r e f e r r e d  t o  

as t h e  f u l l  forward and p a r t i a l  a f t  f a i r i n g .  The fence  appara tus  on t h e  

f u l l  forward p o r t i o n  of t he  f a i r i n g  w a s  designed t o  produce f u l l y  t u r b u l e n t  

f low over  t h e  t u r r e t  and eliminate adverse a c o u s t i c  phenomena w i t h i n  the  

t u r r e t  c a v i t y .  

i n  a uniform "speckling" of t h e  model sur face .  Hence, any sepa ra t ed  flow 

reg ions  would remain speckled and those  of a t t ached  flow would s t r e a k .  

can b e  seen  the  e n t i r e  cu tou t  reg ion  i s  i n  separa ted  flow except  f o r  a 

s m a l l  p o r t i o n  of t h e  t u r r e t  crown. Otherwise flow on t h e  f a i r i n g  i s  a t t ached .  

The technique of spraying  o i l  on a model, as opposed t o  pa in t ing ,  w a s  

I 
The f a i r i n g  desig-  

The o i l  w a s  app l i ed  by a spray  technique which r e s u l t e d  

A s  

An AFFDL des ign  (Fig.  10) named the FDL T-2 f a i r i n g  c o n s i s t i n g  of a 

t u r r e t  w i th  rear f a i r i n g  only w a s  a l s o  tes ted .  Again t h e  cu tou t  reg ion  

( t h i s  t i m e  symmetrical)  i s  i n  separa ted  f l o w .  Flow on t h e  t u r r e t  i t s e l f  

separates st mid turret. A s  3e2ri iii the p ~ ~ ~ i ~ ~ s  shadowgraph a shock is  

loca ted  i n  t h i s  reg ion .  Therefore  w e  can a t t r i b u t e  flow s e p a r a t i o n  t o  a 

shock-boundary l a y e r  i n t e r a c t i o n .  
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f .  

d i f f e r e n t  f a i r i n g  concept now be ing  flown on t h e  A.L.L. 

(Fig.  11). 

t h a t  w a s  both h ighe r  and wider than  the  t u r r e t  i r s e l f .  

behind t h i s  w a s  t o  o b t a i n  a more d e f i n i t e  flow reat tachment  a f t e r  separa-  

t i o n  from t h e  t u r r e t .  The reat tachment  p o i n t  now occurs  w i t h i n  t h e  cu tou t  

reg ion  between t h e  t u r r e t  and f a i r i n g .  It i s  i n t e r e s t i n g  t o  no te  t h e  

e f f e c t  t ha t  t u r r e t  c a v i t y  o r i e n t a t i o n  has  on the  reat tachment  p o i n t .  

On the  cav i ty  s i d e  reat tachment  i s  delayed,  wh i l e  on t h e  non-cavity s i d e  

reattachment i s  e a r l y .  

s epa ra t ion  a t  the  f a i r i n g  rear as w e l l  as t h e  d ive rg ing  wake of t h e  t u r r e t /  

f a i r i n g  assembly. 

g. Returning t o  t h e  NASA Ames 1 4  f t  wind tunne l  f o r  f u r t h e r  A.L.L. Cycle 

I I I / I V  t e s t s  dur ing  October,  1976 w e  see t h e  use of t u f t s  on a 3/10ths  

scale model mounted t o  a f l a t  p l a t e  (Fig.  12).5 The unsteady flow i n  t h e  

cu tou t  region i s  ev iden t  from t h e  b l u r r e d  images of t h e  t u f t s ,  i n d i c a t i n g  

several o s c i l l a t i o n s  of t h e  t u f t s  w i t h i n  t h e  camera exposure t i m e  s e t t i n g .  

The flow i s  a t t ached  and smooth f u r t h e r  back on t h e  f a i r i n g .  A composite 

ske tch  (Fig. 13) of two photographs reveals the  a t t a c h e d  flow on t h e  rear of 

t h e  f a i r i n g  and on t h e  forward p o r t i o n  of t h e  t u r r e t .  

h.  

f a i r i n g  was f l i g h t  t e s t e d  a t  Edwards F l i g h t  T e s t  Center  i n  C a l i f o r n i a .  

Flow v i s u a l i z a t i o n  cons i s t ed  of t u f t i n g  t h e  t u r r e t ,  f a i r i n g  and a l a r g e  

p o r t i o n  of t h e  fuse l age .6  Photographs (Fig.  14) were then  taken from a 

chase plane. These reveal a s i g n i f i c a n t  r eg ion  of unsteady flow i n  t h e  

t u r r e t l f a i r i n g  cu tou t .  

o r  frayed due t o  the  v i o l e n t  unsteady flow. 

The A i r  Force Academy w a s  used i n  January,  1976 f o r  t e s t i n g  of a 

KC-135 a i r c r a f t  

This  involved a f a i r i n g  designed w i t h  s imple  geometric shapes 

The o b j e c t i v e  

Also ev iden t  from t h i s  f i g u r e  are t h e  c h a r a c t e r i s t i c  

I n  December of 1977 t h e  f u l l  scale on-gimbal t u r r e t  p lus  Cycle I I I / I V  

The t u f t s  i n  t h i s  reg ion  have e i t h e r  been removed 
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I n  1978 during a f l i g h t  from Kir t land  AFB, New Mexico t o  Wright- 

P a t t e r s o n  AFB, Ohio some o i l  f low s tud ie s  w e r e  performed on t h e  t u r r e t /  

f a i r i n g  assembly (Fig.  15). The flow p a t t e r n s  correspond w e l l  w i th  s m a l l  

scale o i l  f lows. However, f low d e t a i l s  are n o t  apparent  due t o  t h e  h ighe r  

v i s c o s i t y  o i l  used and its s p a r s e  app l i ca t ion .  

reg ion  (Fig.  16)  shows at tachment  only one t u r r e t  diameter  downstream 

from t h e  f a i r i n g  l ead ing  edge. 

i. 

on-gimbal t u r r e t  i n  a test i n  suppor t  of t h e  B-52 Shor t  Range Applied 

Technology (SRAT) program. The test w a s  conducted dur ing  August-September, 

1978 i n  t h e  AFFDL/TGF.7 O i l  f low s t u d i e s  w e r e  made w i t h  t h e  t u r r e t / f a i r i n g  

assembly mounted j u s t  upstream of t h e  l a r g e  ver t ical  s t a b i l i z e r  (Fig.  17 ) .  

Flow p a t t e r n s  on t h e  t u r r e t  and f a i r i n g  are s i m i l a r  t o  prev ious  ones.  

The only  observable  d i f f e r e n c e s  are a spreading of  t h e  t u r r e t / f a i r i n g  wake 

and l a r g e r  flow s e p a r a t i o n  a t  the  rear of t h e  f a i r i n g / f u s e l a g e  junc tu re .  

j .  

suppor t  of  t h e  Advanced Airborne Demonstrator ( L A D )  program. Flow v i s u a l i -  

z a t i o n  w a s  by o i l  and d e t a i l e d  photographs w e r e  ob ta ined .  An i n t e r e s t i n g  

look a t  t h e  flow about a n  on-gimbal t u r r e t  mounted t o  fuse l age  (Fig.  18a) 

shows t h e  double v o r t e x  p a t t e r n  behind the t u r r e t .  The t u r r e t  c a v i t y  is a t  

60 degrees  azimuth t o  t h e  wind axis,  hence t h e  downstream l o c a t i o n  of t h e  

lower v o r t e x  member. Separa t ion  on t h e  t u r r e t  is d i s t i n c t  as w e l l  as the  

wake formation and spreading.  The c o e l o s t a t  t u r r e t  (Fig.  18b) e x h i b i t s  t he  

s a m e  flow p a t t e r n s  except  f o r  t h e  loca t ion  of t h e  v o r t e x  p a i r  on the  t u r r e t  

i t s e l f  and a less d ivergent  wake. 

A c loseup of t h e  cu tou t  

The A.L.L. Cycle III/IV f a i r i n g  w a s  used i n  conjunct ion  w i t h  a s imilar  

F i n a l l y  a test w a s  run from A p r i l  t o  May, 1979 i n  t h e  AFFDL/TGF i n  

The c o e l o s t a t  t u r r e t  p lus  an  a f t  f a i r i n g  (Fig.  19a) w i t h  cu tou t  reg ion  

and s m a l l  r a d i u s  l ead ing  edges show the  r e t e n t i o n  of t h e  v o r t e x  p a i r .  I n  
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add i t ion  flow s e p a r a t i o n  o f f  of t he  l ead ing  edges and a t  t h e  rear of t h e  

f a i r i n g  e x i s t s .  P a r t i a l l y  f i l l i n g  t h e  cu tou t  reg ion  (Fig.  19b) and in- 

c reas ing  t h e  r a d i i  of t h e  l ead ing  edges e l imina te s  flow sepa ra t ion .  

However, t h e r e  s t i l l  i s  s e p a r a t i o n  a t  t h e  f a i r i n g  t r a i l i n g  edge. 
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I11 CONCLUSION 

Although a l l  s i x  methods of flow v i s u a l i z a t i o n  have been used i n  

t h e  A.L.L. wind tunne l  t e s t i n g  program i t  i s  perhaps easy t o  s ta te  t h a t  

t h e  most u s e f u l ,  i n  terms of t h e  amount of information gained as w e l l  as 

t h e  minute flow d e t a i l s  revea led ,  have been t h e  o i l  flow and s c h l i e r e n  

photography. Tuf t  s t u d i e s  are h e l p f u l  bu t  too coarse  t o  r evea l  t h e  small 

d e t a i l  of any l a r g e  scale s t r u c t u r e s .  

determining separa ted  flow reg ions  and unsteady flow regions.  

Thei r  use  should be  r e s t r i c t e d  t o  

Encapsulated l i q u i d  c r y s t a l  u s e  should probably be r e s t r i c t e d  t o  

de te rmina t ion  o f  t r a n s i t i o n  l o c a t i o n  and shock loca t ion .  

Sublimation techniques,  aga in  being of a coarse  n a t u r e ,  are b e s t  

used t o  reveal t h e  l o c a t i o n  of reg ions  of high hea t  t r a n s f e r  as i n  v o r t i c e s .  

Shadowgraph photography produces r e s u l t s  i d e n t i c a l  t o  s c h l i e r e n  

photography bu t  i t s  a p p l i c a t i o n  i s  more r e s t r i c t e d  than t h a t  of s c h l i e r e n .  

F i n a l l y  o i l  f low and s c h l i e r e n  photography are easy methods t o  apply.  

Large q u a n t i t i e s  of d a t a  can be  co l lec ted  by these  methods and t h e  flow 

d e t a i l s  are excep t iona l ly  c l e a r .  
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M,= 0.55 

M, =0.60 
I 

F I G U R E  1 
ON-GIMBAL TURRET TUFT F'LOW 
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M, = 0.55 

M, = 0.65 

FIGURE 2 
ON-GIMBAL TURRET LIQUID CRYSTAL RESULTS 
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E l  = O o  

FIGURE 4 

ON-GIMBAL TURRET SHOCK PATTERN 
VARIATION WITH AZIMUTH ANGLE, M a =  0.75 
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FIGURE 7 
ON-GIMBAL TURRET SCHLIEREN AND 
OIL F’LOW PHOTOGRAPHS, M, = 0.75 
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M,= 0.55 
- .  

Moo = 0.70 

FIGURE 17 
B-52 SRAT/CYCLE III/IV F 
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IRING OIL FLOW 



a. 
ON-GIMBAL TURRET 

b .  
COELOSTAT TURRET 

FIGURE 18 
TURRET OIL FLOWS, M, = 0.75 



a. 
FULL CUTOUT 

a 

b. 
CUTOUT PARTIALLY FILLED 

FIGURE 19 
COELOSTAT TURRET/FAIRING OIL FLOW, M, = 0.75 
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